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SUMMARY 

An investigation was conducted to determine the effect of 
internal coolants on the knock-limited performance of a liquid - 
cooled multioylinder aircraft engine with a displacement of 
1710 cubic inches and a compression ratio of 6.0. Knock-limited 
performance tests were conducted at an engine speed of 3000 rpm, 
fuel-air ratios from 0.075 to 0.085, carburetor -air temperatures 
of 120° and 60° F, and with water and water-ethanol as internal 
coolants. Each internal coolant was injected in turn through the 
fuel -spray nozzle and through Intake -man if old spray Jets. All tests 
were conducted with 28-R fuel. 

The following results were obtained: 

1. The maximum knock-limited brake horsepower attained was 
2310 at a fuel-air ratio of 0.079 and a carburetor -air temperature 
of 60° F with 663 pounds per hour of water -ethapol introduced with 
the fuel through the fuel-spray nozzle. 

2. In general, at low interaal-ooolant flows or at the high ■■ 
carburetor -air temperature, water was more effective than water- 
ethanol in raising the knock-limited brake horsepower. As the 
internal -coolant flow was Increased or- the carburetor -air temper- 
ature decreased, water-ethanol became more effective than water. 

. ' . . i . ■ » * , 

3. Fuel-nozzle injection of a given internal coolant at a 
given carburetor -air temperature .was generally more effective in 
raising the knook-1 imited brake horsepower than injection through 
intake -manifold spray jets. 
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4. Except at seme of the lover internal -coolant flows a higher 
manifold pressure was required to obtain a given knock-limited brake 
horsepower by means of Internal -coolant Injection than by means of 
lowering the carburetor -air temperature. 


INTO GDUCTION 

At the request of the Air Technical. Service Command, Army Air 
Forces, tests are being candncted at the MCA laboratory In Cleveland 
to evaluate several methods of Increasing the power output of a liquid- 
cooled multicylinder aircraft engine. The effect of water Injection 
through 12 spray Jets In the Intake manifolds on the knock-limited 
performance was determined by tests reported in reference 1. 

This report presents the results of teste conducted from July 
to December 1944 to determine the effects of Internal coolants an 
the knock-limited performance of test engine with a compression ratio 
of 6.0. The data were obtained from eight series of knock tests 
using two Internal coolants Injected by each of two methods at carburetor - 
air temperatures of 120° and 60° F. Tap water and a mixture consisting 
of 50 percent water and 50 percent ethanol by volume were used as 
internal coolants. Each internal coolant was injected with the fuel 
through the fuel spray nozzle and also through 12 spray Jets mounted In 
the intake manifolds. 


APPARATUS 

Engine. - The tests were conducted on three Y-type 12 -cylinder 
liquid-cooled aircraft engines of 17 10 -cubic -inch displacement fitted 
with pistons giving a compression ratio of 6.0. In order to decrease 
the possibilities of piston failure, the diametral clearances between 
the pistons and the cylinder walls were increased 0.008 inch over the 
standard diametral clearances. Each cylinder had two spark plugs, one 
between the two exhaust valves and one between the two intake valves. 
The engines are equipped with single-speed, single-stage superchargers 

with impeller diameters of 9^ Inches and gear ratios of 9.6:1. 

Engine installation. - The engine -dynamometer Installation was 
the same as that used for the tests of reference 1. ■ The external 
coolant was a mixture of 70 percent water and 30 percent ethylene 
glycol by volume. The laboratory refrigerated-air system supplied 
dry combustion air by first cooling atmospheric air and then heating 
It to the desired temperature. The engine was fitted with special 
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This size represents a reduction In di ame ter of l/4 Inch "below the 
diameter of the exhaust -valve -port outlets and a reduction in- 
area of 27.4 peroent. The exhaust gases were carried away through 
a 12-lnoh -diameter gallery within which exhaust-gas cooling was 
accomplished by multiple sprays of water. Pressure In' the galiery 
was held slightly below atmospherlo "by an exhauster fan. 

Internal-coolant Injection equipment. - Two Internal-coolant 
Injeotion systems were used. In one system the interna}, ooolant waB 
Introduced continuously with the fuel through the fuel spray nozzle, 
which sprayed the liquid into the supercharger inducer. Internal 
coolant was’ supplied to the fuel spray nozzle by a line from a tank 
where the internal coolant was kept under pressure by compressed air. 
Internal-coolant flow rates were measured by a calibrated rotameter 
in the line from the tank to the fuel nozzle. 

In the second system, internal coolant was continuously 
injected through 12 spray Jets inserted into the intake manifolds 
through holes drilled in the top of the manifolds about 1 inch back 
from the faces of the manifold mounting flanges. The spray Jets were 

5/32-inch-diameter stainlesB-steel tubing about 2^ inches long with 

six holes, 0.025 inch in diameter, arranged In two rows of three 
holes each to spray internal coolant directly Into each intake port. 
The spray Jets and their installation are shown In figures 1 and 2 
of reference 1. Internal coolant was supplied to the spray Jets by 
individual llneB from a tank where It was kept under pressure by 
compressed air. Internal -coolant flow rates were measured by cal- 
ibrated rotameters In the individual lines. 

Special equipment and in st rumentation. - Vibration-type pickup 
units were used for knock detection. Knock indication was by means 
of an amplifier-oscilloscope combination In which a commutator was 
used to reduce background Interference. 

Fuel -air mixture control was facilitated by the use of an air- 
bleed valve connected across the air diaphragm in the metering section 
of the carburetor. 

Carburetor-inlet statlo pressure was measured by a mercury 
man ometer connected to a static-pressure tap. This tap was located 

on the combustion-air sback- 4^=- Inches upstream from the carburetor 

Lo 

face at a point where the cross-sectional area of the stack was ■ 

12.5 square inches. Carburetor static-pressure drop was measured 
by a mercury manome ter connected to the pressure taps on the 
carburetor. 
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Carburetor-air temperatures were measured by eight iron- 
con stan tan thermocouples connected in parallel and arranged to 
surrey the air stream immediately ahead of the carburetor. Mixture - 
temperature data reported herein were obtained with an unshielded 
thermocouple inserted to the center of the central manifold approx- 
imately 9^ inches downstream from the flange of the supercharger 

outlet; therefore, when internal coolant vas injected through spray 
Jets in the intake manifolds, mixture -temperature measurements were 
made upstream from the points of injection . Another unshielded 
thermocouple inserted through the right rear -manifold primer hole 
was used for checking mixture temperatures. Readings from this 
thermocouple, which are not presented in this report, were approx- 
imately 10° F higher than those from the oentral -manifold thermo ■ 
couple . 


TEST CONDITIONS AND PROCEDURE 

The two internal coolants used were tap water and a mixture, 
by volume, consisting of 50 percent water and 50 percent ethanol 
(ethyl alcohol denatured with 5 percent methyl alcohol). Knock 
tests were conducted at fuel-air ratios from 0.075 to 0.085 with as 
great a range of internal -coolant flow as was possible under limita- 
tions imposed by auxiliary equipment at each of the following com- 
binations of conditions: 


Series 

Carburetor-air 

temperature 

(°F) 

Internal 

coolant 

Means of internal- 
coolant injection 

1 

120 

Water -ethanol 

Fuel nozzle 

2 

60 

— do 

Do. 

3 

120 

— do 

Intake-manifold spray Jets 

4 

60 

— do 

Do. 

5 

120 

Water 

Fuel nozzle 

6 

60 

— do — 

Do. 

7 

120 

— do 

Intake -manifold spray Jets 

8 

60 

— do 

Do. 


For the tests of series 6, the first tests conducted in this 
program, knock points were obtained at five value b of constant man- 
ifold pressure. In this series internal -coolant flow was gradually 
increased to suppress knock as the manifold pressure was raised to 
the desired value. When the desired mem if old pressure was obtained, 
Internal -coolant flow vas decreased until knock vas observed. 
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- In th& -subsequent tests (every- series except’ 6) knock curves . 
were obtained at eaoh of several oonstant internal -Coolant, flows 
by maintaining the desired internal-coolant flow while the manifold 
pressure wa.s increased until knock was -observed. This method was 
used because it was found to offer simpler control features than 
the first method - 

In all tests the fuel-air ratio was held within the' desired 
range by manipulation of the air-bleed valve connected across the 
carburetor -air diaphragm. The d$ta were taken at a medium knock 
intensity j . that is, when the osoilloscope indicated" that three to 
five cylinders were knocking. 

The following engine conditions were maintained during all 
tests: 


Engine speed* rpm ; 3000 ±5 

External coolant -out temperature, °F 250 ±5 

Oil-in temperature, °F ." 170 ±5 

Spark advance, deg B.T.C. 

Exhaust ’ 34 

Intake 28 


All tests were conducted with 20-R fuel. 


RESULTS AMD DISCUSSION 

Effect of fuel -air ratio and Internal -co ol ant flo w on kn ock- 
li mited performan ce. - Figures 1 to 4 present knock -limited engine 
performance data for the eight series of tests showing directly the 
effect of .fuel -air ratio and internal -coolant flow on the knock- 
limited -performance . The knock curves obtained consist of a number 
of knock points' sufficient only to determine the correct values pf 
the dependent engine variables at a fuel-air ratio of- 0.08. The 
data therefore do not. permit drawing knock curves of the proper 
curvature . 

Shook points were obtained without internal oodlonts eaoh day 
that-. tests were conducted. -Figure 1 shows the variation in result's 
obtained- without internal coolant e at carburetor -air temperatures 
of 120° and 60° F. Only the average curves for results without 
internal coolant are shown in the other' figures. During the period 
in which, tests were. conducted -the knock-limited horsepowers obtain- 
able without internal coolants gradually Increased . The reason for 
this increase is not known. 
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The maximum brake horsepower attained In these tests was 2310 
at a fuel-air ratio of 0.079 and a carburetor -air temperature of 
60° F with 663 poundB per hour of water-ethanol introduced with the 
fuel through the fuel spray nozzle (series 2, fig. 1(b)). 

C omparison of internal coolants and methods of injection, - 
The knock-limited performance data of figures 1 to 4 are cross- 
plotted in figure 5 as functions of internal -coolant flow at a fuel- 
air ratio of 0.08 and are tabulated in table I to facilitate 
comparisons of the effects of the two internal coolants, methods of 
injection, and carburetor-air temperatures. Figure 5 shows that 
neither internal coolant was at all conditions more effective than 
the other in raising the knock-limited brake horsepower. 

The following table shows the conditions at which each Internal 
coolant was more effective than the other: 


Carburetor -air 
temperature 
(°F) 

Means of 
Injeotion 

Internal -coolant 
flow range 
(lb/hr) 

Superior internal 
coolant 

120 

Fuel nozzle 

0-530 
530 -max 0- 

Water 

Water-ethanol 

120 

Spray Jets 

0-710 
7 10 -max 8. 

Water 

Water-ethancl 

60 

Fuel nozzle 

Entire range 

Do. 

60 

Spray Jets 

0-410 
4 10 -max 8 

Water 

Water -ethanol 


a Max indicates the maximum internal-coolant flow used in each case. 


Introduction of the internal coolant through the fuel nozzle 
generally increased the knock-limited brake horsepower more than its 
introduction through the intake -manifold spray Jets. With the same 
conditions of internal -coolant injection, lowering the carburetor - 
air temperature from 120° to 60° F raised the knock-limited brake 
horsepower in all cases. 

■ On all curves of mixture temperature against internal -coolant 
flow (fig. 5) there is a point beyond which an increase in internal- 
coolant flow does not serve to lower the measured mixture tempera- 
ture. This leveling of the curves is due to the fact that, as 
internal-coolant flow is increased, an increasing amount of* internal 
coolant is carried past the mixture -temperature thermocouple before 
vaporizing. 
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Comparison Of method b' of layering mixture temperature. - Fig- 
ure 6 compares the effects on knock-limited brake horsepower and 
manifold pressure of lowering the mixture temperature by internal 
ooolants and by lowering the carburetor -air temperature. Curves for 
internal-coolant injection have been cross-plotted at a fuel-air 
ratio of 0.08 from figures 1 to 4 and curves for variable carburetor- 
air temperature from unpublished data have been added for comparison. 
The vertical parts of the curves .for* fuel -nozzle injection in fig- 
ure 6 result from the faot that, when the internal -coolant flcwB 
reached oertain values., increases in internal -coolant flow failed to 
lower the measured mixture temperatures. Except at the low mixture 
temperatures, the knock-limited brake -horsepower curves for fuel- 
nozzle injection in figure 6 follow closely the ourves for variable 
oarburetor-air temperature. This agreement indicates that the effect 
of water or water-ethanol on knock -limited brake horsepower 1 b 
primarily one of cooling the mixture. 

Figure 7, cross-plotted from figure 6,. shows the relation 
between knock -limited brake horsepower and manifold pressure with 
and without Internal coolants. The engine was maintained at the 
knock limit over, the power range in one case by varying the 
carburetor-air temperature without internal ooolants and, in the 
other cases, by varying the internal -coolant flow rates with 
constant carburetor -air temperature. Figilre 7 shows that except 
at some of the lower internal -coolant flows a higher manifold pres- 
sure is required to obtain a given knock-limited brake horsepower 
by means of internal -ooolant injection than by means of lowering 
the carburetor-air temperature. 

Horsepower correction for power required to supply high 
carburetor-inlet pressures. - Carburetor-inlet static pressures 
greater than sea-level pressure were required and were supplied by 
the laboratory refrigerated -air system for all tests in which the 
manifold pressure waB higher them approximately 70 inches of mercury 
absolute. The data for knock -limited brake horsepower shown in . 
figures 1 to 7 have not been corrected for the power required to 
supply oarburetor-inlet statlo pressures greater than sea level. 

Calculations, presented in the appendix, have been made to 
determine the approximate power required to supply oarburet or -inlet 
static pressures higher than sea level used in each series of tests. 
The calculated powers have been subtracted from the knock-limited 
brake -horsepower data of figure 5 and the resulting corrected curves 
are presented in figure 8 together with the uncorrected curves 
traced from figure 5. From the curves of figure 8 it is evident 
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that the correction changes only slightly the comparisons of the 
effects of the two Internal coolants, methods of Injection, and 
carburetor -air temperatures. 


SUMMARY OF RESULTS 

The following results were obtained from tests to determine 
the effect of Internal coolants on the knock-limited performance of a 
V-type 12 -cylinder liquid -cooled aircraft engine with a 1710-cubic- 
inch displacement and a compression ratio of 6.0: 

1. The maximum knock -limited brake horsepower attained was 
2310 at a fuel-air ratio of 0.079 and a carburetor -air temperature 
of 60° F with 663 pounds per hour of water-ethanol introduced with 
the fuel through the fuel-spray nozzle. 

2. In general, at low internal -coolant flows or at the high 
carburetor -air temperature, water was more effective than water- 
ethanol in raising the knock-limited brake horsepower. As the 
internal -coolant flow was increased or the carburetor-air temper- 
ature decreased, water-ethanol became more effective than water. 

3. Fuel-nozzle Injection of a given internal coolant at a 
given carburetor -air temperature was generally more effective in 
raising the knock-limited brake horsepower than injection through 
intake -manifold spray Jets. 

4. Except at some of the lower internal -coolant flows a higher 
manifold pressure was required to obtain a given knock-limited brake 
horsepower by means of internal-coolant injection than by means of 
lowering the carburetor-air temperature. 


Aircraft Engine Research Laboratory, - 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, June 30, 1945. 
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APHEEJDH - CALCULATION OP POWER REQUIRED TO SUPPLY CARBURETC®- 
IHLET STATIC PRESSURES GREATER THAN SEA LEVEL 

Carburetor-Inlet statlo pressures greater than sea level were 
necessary for all tests In which tbs manif old pressure vas greater 
than approximate ly 70 Inches of mercury absolute. Figure 9 shows 
the relation between man ifold pressure and the required carburetor- 
inlet statlo pressure at vlde-open throttle for each series of 
tests. The power required to produce these oar bur etor- inlet pres- 
sures was supplied by the laboratory refri.geratefl.-air system. Much 
of the knock limited brake -horsepower data of figures 1 to 7 are 
therefore higher than they would have been had the engine been 
oharged with the power required to supply high oarburetor-inlet 
pressures. 

Calculations have been made to determine the approximate 
knock-limited brake horsepowers that would have been obtained if 
the engine had been equipped to supply its own high carburetor - 
inlet pressures. 

It was assumed that: 

(a) The Increased oarburetor-inlet pressures were obtained 
from an auxiliary-stage supercharger and the air leaving this 
supercharger was cooled by an intercooler so that the temperatures 
at the carburetor inlet were held constant at 120° and 60° F. 

(b) The TTiftTi mum intercooler effectiveness was 0.6. 

(c) The temperatures of the intercooler cooling air and the 
air at the entrance to the auxiliary -stage supercharger were both 
constant at 95° and 35° F in order to obtain oarburetor-inlet 
temperatures of 120° and 60° F, respectively. Intercooler drag 
was neglected. 

(d) Intercooler cooling -air flow waB varied by mean s of flaps 
in order to maintain constant carburetor-inlet temperatures with 
variable temperature rise through the auxiliary -stage supercharger. 

(e) The oharge-air pressure drop aoross the intercooler was 
in all oases 1 inch of mercury. 

(f) The adiabatic efficiency of the auxiliary -stage super- 
charger was 68 percent. 

(g) The meohanioal efficiency of the auxiliary-stage super- 
charger drive vas 95 percent. 
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The .following- equation was. then used to determine auxiliary- 
stage supercharger horsepowers : 



hp = 

550 Tlad ’k 


vlere 


W 

7 

R 

T 1 

P2 


charge-air. flour, Ib/aec 
specific -heat ratio for air, 1.39 
gas constant,. 53.. 5 f b-rb/(lb)( 0 F) 

auxiliary -stage suiercharger entrance tempeiatura, °R 
auxiliary -stage supercharger ou'det pressure, in. Eg absolute 


[p 2 


carburetor -inlet static pressure required, in. Hg 
absolute (from fig. 9) + intercooler pressure drop 
(1 in. Hg)] . . 


p^ atmospheric pressure, 29.92 in. Hg absolute 

q ad adiabatic efficiency, 68 percent 

mechanical efficiency of drive, 95 percent 

The . horsepowers ■ obtained from this equation were subtracted 
from the knock -limited brake -horsepower data of figure 5 and the 
resulting corrected knock-limited brake -horsepower curves are' shown 
in figure 8 together with the uncorrected curves traced from 
figure 5. 
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Sept. 9, 1944. 
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tAHLE I - SUMMARY OP KNOCK-LIMITED PERFORMANCE ' 

WITH AND WITHOUT INTERNAL COOLANTS 

[V-type 12 -cylinder llguld -cooled engine ; engine speed, 3000 rpm; 
compression ratio, 6,0; fuel, 28-R; fuel-air ratio, 0.06] 


Internal 

Means of 

Internal- 

Brake 

Increase 

Manifold 

coolant 

internal- 

coolant 

lnjeotlon 

coolant 

flow 

(lb^ir) 

horse- 

power 

over bhp 
without 
Internal 
coolant 
( percent ) 

pressure 
(in. Hg 
absolute). 


Water- Fuel 
ethanol nozzle 


at9r Fuel 

nozzle 


Water- (Fuel 
ethanol i nozzle 


ater Fuel 

nozzle 
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Knock-limited bhp Knock-limited manifold pressure, In. Hg abs 
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(a) Carburetor-air temperature, 120° y. 

Figure 1. - Block-limited data vith a 50-50 mixture by volume of vater-ethanol Introduced vith 
fuel through fuel nozzle. V-type 12 -cylinder liquid-cooled engine; engine' speed, ^3000. rpo; 
compreeslon ratio, 6.0; fuel, 28-R. 






Knock-limited bhp Knock-limited manifold preasure, In. Hg aba. 
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Fuel-air ratio 


(a) Carburetor-air temperature, 120° 7. 


Figure 2. - Shock -limited data vitb a 50-50 mixture by volume of vater -ethanol introduced 

through spray Jets in intake manifolds. V-type 12 -cylinder liqu id-cooled engine; engine speed, 3000 rpm 
compression ratio, 6.0; fuel, 28-E. ^ ^ 
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Fuel-air ratio 

( b ) Carburetor-air temperature, 60° F. 

Figure 2. - Concluded. 
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Puel-alr ratio 


(a) Carburetor-air temperature, 120°F. 


Figure 3. - Shock-limited data vlth mater Introduced with fuel through fuel nozzle. 
V-type 12 -cylinder liquid-cooled engine; engine speed, 3000 rpm; compression ratio, 
6.0; fuel, 28-B. 











Knock- 
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(b) Carburetor-air temperature, 60° F 
Figure 3, - Concluded. 


Fuel-air ratio 










>lloited bhp Knock-limited manifold pressure. In. Hg abe 


NACA MR No. E5F30 



Fuel-air ratio 


(a) Carburetor-air temperature, 120° F. 


Figure 4. - Block-limited data with water introduced through spray Jets in intake manifolds. 
V-type 12-cylinder liq.uid-cooled engine; engine speed, 3000 rpm; compression ratio, 6.0; 
fuel, 28-R. 




Knoct-limited bhp KnoeV-llmIted manifold pressure. In. Hg abs 













NACA HR No. ESF30 

IS ,000, 


NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 


14, 000 1 


u IE, 000 


Series 
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Means of injection 
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Water-ethanol 
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Intake-ranlf old spray Jets 

1 

Water 

Fuel nozzle 

7 

Water 

Intake-manifold sprey Jets 


% 

*-> 

5 1600 


Internal-coolant flow, lb/hr 
(a) Carburetor -air teaperature, 120° F. 

Figure 5. - Effect of internal-coolant flow on knoclc-linited. performance. V-type 12-cylinder liquid -cooled 
engine; engine speed, 3000 rpa; compression ratio, 6.0; fuel, 2B-R. Cross plot at a fuel-air ratio of 0.08 


Intarnal coolant-fuel ratio fixture temperature, °f b«fc, lb/bhp-hr 
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-Halted bhp 
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Figure 6. - Effect of nlxture temperature on knook-llaited performance with and without internal 
coolants. V-type 12-cylinder liquid-cooled engine; engine speed, 3000 rpm; coopression ratio, 6.0; 
fuel, 28-R; fuel-noirle internal -coolant injection. Cross plot at a fuel-air ratio of 0.08. 
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Figure 6. - Concluded. 


200 240 280 

Mixture temperature, °F 


Knook-llmlted bhp 


NACA HR No. E5F30 



Inock-llalted aenlfold pressure. In. Hg abs. 


Figure 7. - Delation between knock-lialted brake horsepower and nanifold pressure with constant 
knock-intensity eaintained by rariation of Internal-coolant flow or by warlation of carburetor- 
air teaperature . 7-type 12 -cylinder liquid-cooled engine; engine speed, 3000 rpn; compression 
ratio, 6.0; fuel, 28-K. Cross plot at a fuel-air ratio of 0.08. 
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Required carburetor- Inlet static pressure. In, Hg abs 
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figure 9. - Required carburetor-inlet static pressure at wide-open throttle as a function of 
knock-llBlted aanlfold pressure. Y-type 12 -cylinder liquid-cooled, engine; engine speed, 
3000 rpa; compression ratio, 6.0; fuel, 28-R. 
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